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ABSTRACT 



A bfgh lefleciaxus defomiabk mirror includes first aivi 
second subsiraiesw The first aibstraic has fonnod ibciein a 
mcxabnne having a boltom surface and a polished lop 
suffm. Hie lopsuifuc Qf the mcmbraoe jEbnns the minor 
surface and ie picferably oovcrod with a Ugfa reficccaocc 
coating. The fiisi subotrale also has fonncd therein at least 
cot pillar for deCbrmhig the membrane. The pillar i» late- 
gnlly formed with the iQeaibran& and exteods fiom the 
botiom surface of the mcmbraoe. The second subslzate has 
ai least Qoe acruaiing member pofiitioned thereon ibr aclu- 
atiDg itse pillar, ninher, the siibstraie is mounted lo die 
SCCODd sutecratc such thai the boUom surface of die mem- 
brane faces the secoqd subslratc. In a preferred embodiment, 
Lhe aauatiDg member comprises ao electrode for applying 
an elcctroslalic force to ibc pillar. Also disclosed are swgle 
substrate embodimeals of ibe miiror and piefcncd metlnds 
for producing the mirror. 

19 Claims 16 Drawing Sbeots 
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MICHOMACHINED HIGH REFLECIANCC bigb scatlw Ica^ Thus, ihc miciomacAlned minot^ Dm- 

DEFORMABLE MIRROR «Qlcd ihus fiif faave a variety of optkal pmbtcmft iadu^ 

_ . , . , ^«>w power hiiKflmg capability, lew reflectMly. high 

Tlua iDVCDLioa was made wiih U-S. Covcmmenl support lossy aod poor adjaceac channel crosaiilk 

under graai no. PHY-9630m from ibe National Sdeace 5 

FovodaliOQ. Tbc U.5. Govenuscot fau caenain rigfau in ihis ORIECTS A^^D ADVANTAGES OF THE 

ioveoiion. INVHNTION 

FIELD OF TK£ I^fVE^^^ON view of Ihe above, ii is an object of ibe present 

Jbe pn«em invenuoa nslai^ generaUy lo ibe field of ^« wU'h h^^^^^^ ^^na>nr^ defonnable 

adapdi/e opiic», ud in particular to a miODoiicbincd iu^ v^-* higb qtiaUiy miftOf surfice, bigh power 

ranee of adaptive optic, applications. * ' tT^\Z^^Tc''^ the invenaoQ to pravide a 

«, H f •yi*i.vaL«ns. metbod for producing the dcfonnable mirror which b both 

BACKOROUND OF THE DWENTION is "^'^'s*ve ^ mass fabficadon compatible. 

Inieieu in the field of adapUve optics has increased in "^"^ oiher objects and idvaiitagcs of the invention 

f«xnt ye« due to the need for ffir qul^^S^ S^dT'^SoLX^^^^ 

systcns. Id particular, hjgher quality d^lnuabKe are ^'^^ accompanying drawings. 

lequiicd for applic4lion& such a» pbotolilhoraphy, optical criuiLr adv 

data Storage, high power laseis, and atmospheric conipen. ^ i^UMMARY 

^t^^'A* The above objects and advantaRc« are attained by a high 

A oooveoiioaaj de&nuable miiror indudes a top plate 'cflectance defonnabk mirTor which inchides first and soc^ 
wbicb forms & reflective surface. The top pUie is supported sobslrales. The fijst subsiraic bas fbrmed thereia a 

by an array of ptezoclectric or elecirorestriciive actuators membrane having a boaom surface and « pol^hcd top 
which sit OQ i thick base for support. In operation, the ^ surfaoe. The polished lop surface of the membnnc fbrrnstiic 
actuAtoK are elongated due to an clcciric field, causing ihc toirror surface and is preferably covered with a high reflec- 
U>P plalc to be deformed in a controUed fashion. This coaling. lo the preferred embodiment, the hi^ tcficc^ 

coQvcoiional defonuable tnirror design Iws been used for coau'cg comprises altemaiipg layej^ of dielectric 

many years, but the mirrors are very costly because of all the materials^ such as SiO^ and HO^, having different indexes of 
hand a<5embly required in their fabficadon. ^ lefiraction. Alternatively, the hi^ roflectance coadng may 

The Ikbricaiion limitations of convenrional dcfonnable ^ l^ycrof gold, 

mirrorft and (be need for inexpensive adaptive optica systems aibsirate also has fonocd therein ax least one 

inspired several aiiempis lo produce micromachiacd PiU^^ f^^r deforming ibc membrane. The pillar is integrally 
deformable mirrors. For example, Vdovin el aL disclose & 33 formed with the membrane and exiCDds frocs the bottom 
micromachined defotKnable mirror in an article cnUilcd surface of the membrane. Tlic second substrate bas at least 
"Flexible Mirror Micromachined io SiL'con'% Applied actuating member positioned ibcreoo for actuaong the 

Optics. Vbl. 34. No. 16, June, 1995. The minor inchtdcs a F*^"- Fuflher, the first substrate is mounted to the second 
silicon Qttride membrane which forms the mirror surface. substrate such that the bottom surface of the meiDbrane facn 
The nitride mefflbraae is mounted above ahiminam elec- ^ second sobstraLe. 

irodes. In operadoo^ ibe electrodes ciccttosiaiicaliy deform In ibc preferred embodiment, the actuating member com- 
the membrane. Unfbtlunalely, the use of a silicon nitride prises an electrode for applying an elecu^osuiic force to the 
membraoe in a deformable minror has two disadvantages. piUv. In this embodhneni^ the pillar and the bottom sui^cc 
Firsi» the thick layer of nitride roquiied for the tnembraneu of the membrane are preferably coaled wjih a layer of 
ctotly. Second, ihe sOicon nitride membrane bas low ^ electrically conductive material. Aliemadvcty tbc acmatiOK 
reflectivity, low power handling eapabiltiy, and poor «jlia- member may comprise a beam of two materi'aJs which can 
cent channel crositalk. be e^epaoded at different rales due to thermal expansion or 

Another deformabb mirror design b disclosed by Bifano piczoeiecitic expansion. By attaching the pillar to ihe beam 
«t ol. in ''CoQltnuous-MBmbranc Sur!aoe*Micromachined expanding ibc beam materials, the beam can be bent to 

Silicon Defonnable Mirror. Optical Engineering, \hl 36, 50 ^ in the diredion norma] to the membrane 

No. 5, p.l354-eo, May, 1997. Bi&Qo disdosea a dcfonnabh: A prcfened mcdiod for producing the deformable mirror 
mirror produced by surface mlcromachioing throe layers of includes the steps of providing first and second svbstralis 
polycrysiaUmc silicon and two sacrificial Uyeis of silicon The Brst substrate has a bottom surface and a ooUshed 100* 
dioxide whicb separate the layers of polysilicon. TV top auitacc. A mask is produaid on the bottom surface of iJje first 
^lY. P^l^^bcoo tairror surface. The bouom ss substrate. TTie ma^ defines a membrane pattorn and a pilkr 

H "".^ ^ *° '"^y ^^ledfode pailcm. Tt^ first subsirato is then etched to form a mem- 

pads. Tbc middle layer of polysilicoa is patterned into an brane and at least one pillar for deformbg the membrane 
artay of fixcd^nd dotiblc canulcvers which act as Second The pillar is integrally fonncd with the membrw and 
electrodes for deforming tbc mirror. Aficr ihc polysiiicon extends from a boUOm suriacu of the membrane. The 
layers arc pancracd. the sacnficiil oxide Uycrs arc removed eo melhod also includes Uie steps of producing on the second 
by dnll wg holes m ibe mirror surface and etching tbc mirror substrate at least one actuating member for actuatinjt the 
with hydrofluoric acid. pillar, and mounting the first substrate to ibc second sub- 

Difanos mirror design suffers from several disadvan- ^ ^^te such that the boUom surface of the membrane faces the 
tages. First, the top layer of polysilicon which forms the second substrate. 

mirror surface iii ool polished u> opiical quality. Second, 55 An alicraaavt embodiment of ihc invention pitsenU a 
because the minrof surface must be drilled and etched io deformable mirror formed from Ts^Zb^ itl 
hydrofluonc acid, the minor exhibits low reflectivity and deformable mirror inchides a membranchaving a b^miD 
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surface and a poli^d top swfaoe. Tlie poUsbed lop svrUcti FIGS. ISA-iS? arc cross sccaoo&l view* of a second 

J^^lT^^:t'^^ minor SUA.. 3fld fa p«feraWy «*slraic^f ibc defom^ablc mim^o?nG llStl^ ^ 

}^e^tr^^^^n^r^^ «aiqig, such 4salicnioiii« sugcs of Ca^jriwiiou. ^ ^ 

layers of SjO, aod TiO^ Alwraalivdy; the bigb refleaucc tA . ^ 

coaling may compdse a layer pf gold, - " ^ ^ P*^ of an aciuaiof of ibc dcfonnablc 

ITjcmirioralwuKTludtaatlcaaoMpadposidooedodibc ^ 

boilom sufface of Ibc fflembranc. Hn pad preferably ctnn- ^ ^ view of ad alterDa(iv« actualAr Sot the 

prise* a piozMlectric maleriaj having a dificreai rate of dctotmablo^ minor of FIG. 13. 

piczocicctnc cxpansioa iban the membrane so that when a IB l& a cross sectional view of i jat»ii nbslntc 
vQjtage dLffercDce is appb'ed actoss the pad, the pad expuds lo ^cforaaable minor accordiiig to avoiher embodimeDl of the 

to deform tbe membraae. AUemativclyp the pad may com- iaventioa. 

pr^ a material havuig a differeul ihcnnal ezpaiuioii coef- FIGS- 1^A-^19C arc cross seotiooal views «f tbe defbrm. 

p^'d":cp^'".,Tet^^ ^S^^^ ^^2!* »?«<--^-r fi^ri-lioo. 
. Ap.rern:d.cU,odforp^cin^defon.able«inor .s ,,SS^»*«^»^P'-'>-^«wof OHidefonoabUmirr^ 

iDcIudca Ibc steps of providlog a aubstrelc having a bQtu>m ctn 7i . .«k-«.--- i r ^ * . . . 

surface and a polished top surface. A ma^k is p^uc«l oq l^^u ^"^^^ "^^fll deformahle minor 

the bottom surface of the «bstnle. TTie mad. defines a '""^^^^ ^ "'^^'^ embodiment of the invcotfon. 

mcmbraoe paUem. Tbc substrate 19 then eiched to fonn a DETAILED DESCRIPTION 
mcmbraoe Id a lop layer of (be sub^tnie. The method aiso 20 mr-c * ^ •« 

deludes the step of pattefQittg ou a bottom aurf^ce of the „ "lustrate a flret embodiioeDC of the invcotftoo. 

membrane a material haviag a diflerent rale of piemlectiic ^'^^^"^"le ^ FIG. 1, a de&nnable miffOrSO aocordinK lo (he 

or thennal expaosioD ihan the meinbnfle. When a voltage or ^ cmbodimeot iochides a fii^l substrate 32 and a seoood 

curreot is applied to the pad, the pad expands 10 dcfotm the ^^'^l*^ 3«. Tbc fiisi substrate 32 fonns the mirror surface. 

membraDC. Suiuble piezoelectric oaleriab raclude zinc 2s subsiraic 32 has formed therein a mdimoua 

oiridc, lead magnesium niobatCp and lead zirconaie liianatc, merDbranc 34 havicg a bottom sur£ue and a polished top 

Suitable thennal cxpansioq materials iochide aluminum' ^ subssrale 32 also inchidcs plDans 36 for 

gold and copper. dcformuig tbe membrane 34. The pnian 36 are integnlly 

DRlCFDESaUPTlONOFTOE FIGURES ^ wi.h .he 34 «d ««od fio« i., bp«o« 

FIG. 1 is a cress sectional view of a dcfoimablo minor The second subsiraic 3g has electrodes 40 positioned 

accocduig ic a first coibodimeot of the inveotioii. ihcroon I6r applying an elcctiroiaiic foicc u> tbe piTlara 36 to 

FlCS.2A-2Earecros53CCtioiial views of a first subslrale deform the membrane 34. To improve ibe efectiostaiic 

of die defomjable mirror of FIG. 1 during various stages of aauaiion, the piUais 36 and ihc bottom surface of the 

fabncaiioD. membrane 34 are preferably coaled wiih a layer of elcctri- 

FIG. 3 is a plan view of a mask defining a membrane conductive material 42* such as <tTt>ft^mnm fbt secood 

pattern and a pillar pattern according to a arsc embodiment subsiraie 38 also prefe rably includes aJlr boles 4 6 to allow the • 

of die invcQtion. release and intake of air as the membrane 34 defonns. 

FIGS. 4A-4D arc cross sccifooal views of a second The 6rst subsiraie 32 is mourned u> the second substrate 

subslrate of the cfeformablc mirror of FlO. 1 during various AO ^bc boiiom surface of the membrane 34 feces 

stages of fabrication. ihc second substrate 38 and such that tbe pillars 36 arc 

FIG. 5 is a schematic plan view of the dcformable mirror with the electrodes 40. tn the first embodiment, ibc 

of FIG. I, fiisi substrate 32 is mounted to the second substrate 38 by 

FIG, 6 is a graph showing the predicted deformation of Placing a spacer layer 44 of photoresist on tbc secood 

Ibe mirror of FIG. I as a fiinciion of applied voltage, « substrate 38. The first substrate 32 b then glued or epoxted 

FTG. 7 is a cross sectional view of a deformable mirror ^^^^ Alteniatlvely, tbc first and secood 

according to a prcfcned embodimeot of the tavenUon n?,^*? ^ culeclicaUy bonded or fiistoo bonded, as 

FIGS. 8A-SD arc cross scdiooal views of a first substraic ^ discussed below in subsequent embodimcota. 

of Ibe dcformablo minor of FIG. 7 during various sugcs of Tbe top surface of ihe membrane 34 is covered with a 

fabrication accordiiig to a preferred method of Ihe invention *° lefleclaBce coating 48. The high refiecianoe coaling 

FIGS. 9A-9D arc cross sectional vicw5 of a first substrate ^'^^^'^^V «>=PTOe5 alteroaOog layeis of it least two 

of the minor of FIG. 7 during various stages of fabrication fMlenals having different iodeves of rD«aeiion. 

according to an alternative meihod of the invenUon. I^^ V^ diclcctnc materials for this purpose ioohidc titana 

FTG. 10 is a plan view of a mask defining a membrane ^ii"^ ^^'^?^- ^^^^^^^Yi ^ ^Sf^ ceftcctance 

pattern and a pillar pattern according lo the piefened « «SKt?H?/?hT^' 

embodimeot of Ihe invention. preferably has a thickness m the range of 10 lo 40 mierons. 

ncs. UA^UG are cross sectional views of a second 'I'^J^/^T"'^^ r^^T * 

^Slnte of tbe deformable mirror of FIG. 7 duJLj v^us a thSl^^^f «f™ '^^^^^ '^k ^e^*/'"' 

aiagps of fabricauon va™u* a Uiicluiess of 40 microos the membrane may become loo 

cir* I'* • u ' • . . - ^0 derorm in a use^l manner. 

HO. 12 IS a scbematwplan view of the dcfonnablc mirror A,n^rfc^p^„^ - = . ^. 

of Flo. 7. viviuiiiui A mcibod for producwg the fiisi subsiraie 32 is iUusttaied 

FIG. 13 is a cross sectional view of » cfefnmwhi,. mt^. " Refcniog to FIG. 2A. the fiisi subsaaie 32 

--.r • « - ^^"S^^iriKS'ss^^ 
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The substrate 32 has i botioa surface and i lop siirlace pillars having a spadag of at lc»l 1 mm, Addiikjoally the 

wbtcb Is polcsbed to optical quality: Suilable techniques for ptlUr pattens 62 are pre&rab^ Kjuarts baving sides in the 

poUshing the suf&oD toopUcalqualzly are well Icdowd to Uie range of 400 to ^ microns. The ncmbnne paue» 58 

afl. Tbe subscrale 32 also preferably bas a doped layer 50 preferably includes ouBer ieeih 60 whicb pmvide Sbr the 
fonning its top surface and exteodicig to a depth correspond- 5 fonnaiioo of a drcuiar mepibnne. During ctcfaidg of ibe 

iag to a desired Uiidcness of (he membrane. Layer SQ is substrate, the anisolropio etcbsot uodefcuis ibe leelb 60 to 

pieferably doped with botoo to a coocentralioo ^aler than ^™ ^ circular apeiture in the substraie. The Itxth 60 

It^^km^ so that subsequent aoi^iiopie etdnng of Ibe pt^^brably have dimcasjoos equal lo ibe thickness of the 

subsiraie 32 stopes on the boron doping. The substrate 32 may ^slraie, eg. 350 microns or 500 mioons tor standard 

be doped with boron using atiy standaid technique, sucfa as lo tbickneases of 350 microes and 500 micnos, le^ec- 

cpiiaxial growth or difReioqdopbg^as Is weUlQQOWtim Ibe . . 

art. By ooniroUing the boron doping profile, cbc ihidmess of PoUownng the etching of ibe ^mbstnte 32, the Uycre 52 

the membrane can be adivsicd, and $4 of marking maierial are removed. The pillais 36 and 

* .L . -.^ ■ u ^ > ^ ^ boiiom sui^ce of the membrane 34 are then covered 

rK ^J^"" ^ Then oivcrea with ^ ^y^, eleciricaUy conductive material 42rpicfer. 

the hish reflectance coaiins 4S wb^ch preferably compiises alui^kum. TOs may be aocpmplishcd^^ s^, 

alteroauns laycr^of m ^^^ A^c method for dart «c5^ ™ ^cIk^^^ 

produciog such a coanng is described by Thomas in "Single- m^^t-ZTT^ ^,,tJ7^ ^ J^^ 

UOCB waiiDg pw&nbly comprises «igbt paitt of TIO,- P^rf"?bly oo«p«es . poit»ii of » tuig^ 



SiOsUyMswiai»fiD»loulside|3yerofTlO;.ThoiBasaJpd « '^n™' wucr. AiiemauveQ'. my qrpe oi Mtti- 

assigned wavelenetb / » subsinic may simply eompnsa a printed cuam boaid goto 

J • f . . which ibe elcctro<>cs 40 are patiecned. 

w*?rh^^.^fl,';!^ni??'*^)J*.T^i* ^ '^'^ BolhsitlesonhcsubslrattSSaxecoveredwiihaUyerof 

With a hydfofluonc (Iff) and etch. The ttsulimg fitnicture is ,«,oUi„« .^,t^-,i * ^ ^« ^liT . * » 

shown in no. 2fi. The edges are lapcted so that they can be ^ ^^^S^jlc"^ Atoplayer64orina^ 

I J I!j r ™ , . Uie lop surface and a bonom layer 64 of ma^s material 

r^Tkll l^n^fl'S.T 5L*^fl!'*'%°T'^ ablysilicoa □itridc. alitougl. aoysuiubSimaskliiginSeiial, 

subsequcar aiiisoiro(»c eicbiog will not appreciably aicb itae , , . , j j kT ■ C ' . 

coatiag. re rr 7 35 Using siaodaid pboioLibograpbic leebniques, tbe up 

layer of owkiog matonal. a» tbotni id HO. 2& Atop Uyer ^ ^^^^ holeT^ir™. Referring to FIG. 4B. the 

^^^^^J^'^^^'^J^''^^'^^'^ substrate 38 is Iheo eu;h<d tofom. .he air hoUa 46. iTe ^ 

■ 5** «>• boiwm ^ holia 415 may be fonDed by amsoimpically elduDg the 

nh^if ^^1?* '"'^.^ " '^'r « »tOH or TTVlAIiAltetilti^decp 

ably si^coD lutftde. ^though any sjutable maakmg oatenal. -^^ may be used to form tbe air 

s«eh as sihcoo «ay -«ed. p^B^^ e& crffte substrate W. Ibe laye« M .«i 

Using sundard photolithographic techniques, tbe booom « «f oaasldng m^erial we removed. Tbe electrodes 40 are 

Uycr of ttaskug njatianal is ibea patterQed and etdied 10 ^ ibea panemed no the substrate 3a. as shown in FIG. 4C. 

ri^n T?1I t"<,*1!T^^ of ihes«bs««te.(« HG. 5 show* a top plan view of tbe sobsirata 38. Ead. 

stawn ,D FIG. 3. n-e ">»5k s< defines a membrane paiiem ejecuwk 40 ia. p^fbiabty eoooeeted u a lemctivo boDd 

58 and pdlarpaucriB 62. Refemng to FIO. 2D. the sulfate p«110 by aoof«V«>dioB ince tt,Tl«eteoX4«!ir«». 

^^^"^"'■T'^t'T'^''T^'^'^^^^t ".»"«ll»«rfp«fe^maJbefonEedoo«SSirM^ 

a^S ffo^uI^^SIlii; '"^ the membrane 34 spinning a layer of ph^r«aiat otito iho lop sui^ of 

and extend £rom Ibe bottom sui&ce of membrane 34. ^ut^^ ^ ^ paaeraing the photon^ naag, coq- 

The membraae 34 and tbe piUais 36 are preferably Eormed ventional photoUlhognpfaic icchniqua. Tie pfaotof«sist is 

by anisoiropt^ly etching the substrate 32 using either etched to foim a desired patteni for Ibe eteciicdBs 40, jr«»s 

potassium bydroxao (KOH) or tctramcihyl ammooituD 68. and bond pads n. An electrically cooduclive maierial. 

hydroxide O'MAlO- The anisotropic etching advaota- a picfcrablygoWorahimintim^istheoevaporMedorspiitiefed 

geously teroioaies OQ the doped layer so that tbe thickness onto tbe top surface of the substrate 38 to form tfa« 

ofihemembranc34maybepn!ciselyoo«ntDUed.Byeichiqg electrodes, traces, and bood pads. The pbolOKsisi and 

lhe sul»uaie 32 along Ibe (411) ctyslaltographicpboes.±e undcsired portions of the evaporated mateiial are then 

puiare 36 are fotqed with sidewalls which fotm u angle of icmovctf from the substrate 38 by pUdqg tbe wafer ia 

70.4 degrees wiihttMpeci to tbe surface of tbe membrane 34. acetone or a similarly sniubJe solvent 

Ahemaiively thcsuhsiTate32 tnay be etched along the (110) Rcfemng to RC.4D. a spacer layer 44 of photoresist is 

a» orlbofi^ to the membrtne Deqi leacuve itni etching spa«r layer 44 pjeferably has a thickness in tbe raoge of 2 

«*y altso be U3ed to make Ibn a.dew>U> oitfaogooal to the u, lo microti. The ^ itbsiraie 32 te iheo mounted to the 



membra oe 

Refecrin ... . _ _ 

preferably spaced at least 1 mm from each olher to produce plan view uj llC. 5, 



65 second sub^rate 3S such tbftt the piUais 36 axe aligned with 
Referring again lo HG. 3, the pOlar paileras 62 arc th« electrodes ^l),aa shown in cross section in FIO. land m 
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J^.^l^^'^'^.'^'''^^^^^^^^ gokl for reflectivity. Tta power handliiig «=apabaity 

feUon by applyiflg voltagw to Ott bond pads 70. nic tcsicd by putting 1064 nmliSI^bloi^ 

vollae« create clccUwaaiic forces betweea Uw pfUars 36 membrane m a 50 micma sp^tW diffemt mcoibnncs 

aDd clcctxoda 40, (hiis adnaiing tfie piOaiA 36 id a dircctioa were tesled and cicb withstood 8 W of coalibiicnis wave 

rwmial to cbe mcnibwnc 34. 5 (CW) pdwtr for 10 miouics. This corresponds to ao imensity 

Odc advantage of the dcfonnable mirmr ifcscxibcd ia ihs kW/can^ 

first cmbodimcot is that ihe 5vb6int& whidj biua the miitor ^""^ iUusiraic a deformablc minor 31 according to 

surface is polished to optical quality and covered wJih a hkb ^ invention. As shown in FIG. 7» 

reflccLmcc coating before it is etched. This ensures tfaai the the ccfonnabfc mirror 31 is «imiJar to the defonnablc minor 

membrane has a high quality wfledrvc surface. Another lo 

advantage is that the influence of the elecuustaik electrodes Z^Z Z^^^ f^"""^ a second substiate 38 

is limited to the lipsof the piua« which ai^ In i^^in^Srity S^Sf/JTA^JS^^ ^' 

nf rh?^-^°"" ^ ^^'^^^^^ f ;baf pfoduclion ananged in a gnd-like Jitwork in the botiom lay« of S 
of Oie minor is oompleiely mass fabncadon compatible, is subsir^ie«,p^&rably a boron dgpcd layer. -^e iS^^ 
Muluple minor? may be micromachined liom the same mcmbersTSieaiuehid to ibel^ptStiowof^^ 
wafer, allowing for the inexpensive producUoo of Wgh 3«, Muwwiuwpmara 
quality dcfonnabU mirrors. ^ Also in the second embodiment, the second sobsiiBte 38 

SeveraJ deformable mirrofis were built with 10 micron includes pushiog members or pushing piilais 74 for 
thick membraocs using the methods desc^ribed in the fiisi ™<^J^caUy pushing the supporting members 72 lo provide 
cmbodimenL The first mirror had a mefflbraoe 1 cm in *a "^^i^ <iispIaasmeDl of the membrane 34. The supporting 
diameter and inchuied a single electrode behind an array of members 72 aod pushing pillars 74 thus allow the membrane 
seven pillaf^ The top of each pillar had a width of about 500 ^ ^ be tnidally displaced by a distance equal to the height 
microns and ihe pOlani were arranged in a hexagonal pattern ^ p«*Wng pillars 74, preferably 1 to 5 microos. 
with a spacing of 2.0$ mm between adjacent pillars. This ^ f^OS, SAr-8D illustraie a prefcned method for producing 
atst minor w»s built as a focus eoitccior. A second mirror substrate 32 according to Ihe second embodimenL 

bad a membraae cm in diameter and inchded an array RcI^rrxDg to HG. 8A, the fiist substrate 32 preferably 
of seven nleckrodes behind an array of seven pillars arranged comprises a portion of a single crystal sOicon wafer. The 
in a bexa^nal pattern wfifa a spacing of 4.1 mm between «**>«ratc 32 has a first boron doped layer 76 &Mmiqg its lop 
adfaceni pillars. 30 surface and esncudiog to a depth coirespondiag to a d^xred 

Tbe response of both mirror^ was tested with a Shank- ^^^^^'^^^ot the membrane. The first substrate also indudes 
HanmauD wavefrom sensor. The respoue of the fijst mirror i^^**** boron doped layer 78 forming iis bottom surface, 
is shown in FIG. 6, The defocmalion wiih respect lo applied 'oc second doped layer 78 is etched to form tbe bottom 
voUage jbUowcd a parabolh: dcpeodencB mven die P°^'onof the pillars and tbe grid-Uto network of supporting 
equation: ' W members, as win be eiqiUincd in detail bcaow. Doped layer 

78 preferably has a iMckoessio tbe range of 2 lo 10 microns. 
>^.J922x'^itQir7»t«0497 As in the first embodimd?!, the substrate 32 has a bottom 

oiBOiiieiei5aiidK»eq«aItt>UiBiB»UedvoIl»8BiDVQii».Tl»t « Rflectacce co«iii«48 «.d ibc edges of tbe coatimt 48 m 

*a«iK>ot aeasor was -3.9 n >l lOOV. nUttoax to HGS. 2A^B. niit m»iiae. 48 is them cavtnA 

dkect reaccliOd off Ihc ffllrtor .l abmit 5 degrees Mid 3» oitride. A Uyer of masldae maierial 54. B«fer«hJv 

scosor. TtK loaucuce fiuicuoiK of this aaimw wen ebarac- subsinie 32. ™ 

'i^JV"'^^^, '^^^ ZK*^ clcetrastaiic pads. Using suodaid pboMUihognpbie lechoiqau, Ui« bouom 

E.ch of (be sw piUars ppsiuodtd 4.1 oun from tbe ceoier layer of miskipB sulerial S«fcMtien«dtoBShZ .m.^ 

«<*v«l .ppro*in..tcJyJ25 ao. «d tbe cc-ter p01« crt»^ tloc tb. ScS^S"^ oTiS'JS, » S^te "S^ 

also om ph»«s deviaaoo. U«,g Uie typical pa«bolic » likTbcm^kMi,iau,^ia,>t^^Z^^^Z^S^r 

^^^^ T '1 mambraae. Unlike tbe Bm embodi^«c^ bovwvBr. uSS 

»rZ^«^«-^ «> adjac.M,t chancel «upUog of 57%. Tbe 8tfalsoiiKliul,agridpa.iea,8«forfi»^glh/;wS 
^" *f 7 " ^ bottom layer of tbe substrate EachrtdSS 

m^t^^'^. " "^T """" ^"'"r^^r ° -^Erces with n=5p«ci lo the major Qalof UKwaferX 

""^^ "'f of rniiror having piUar paiiems 62 are prefenbty squans havine sides in the 

a X cm diameter. 10 micfoo iblek meaibiaae showed ringidg {ange of 400 to 600 aktODS 

dla^e^?'^'^fi^i^ "l*??*^ « 1 cm « Refertios to flG. M. it; substrate 32 is then etcbed 

fiSit^^l^™™«^!!^^? cxb*ucd a rcsoaaoi tbrough ibe mask to irMtsfet die membrane pattern. pflS 
iS^tf^A P^?^^^ wl etid paucm iDlo the doped layer 7$ Tht 

^ hadl^ Tf "/hSf^L'^ ^ '^'^ P*>«=n«a«pr.ferabV<raiBfe,redinio7elSdUl^-S 

^^l^JmV^,^ >P««oa*.ch.Tbe.«uliioBs,«cbin,,f«,c^'«^32fe 
aeveru niiiTors were also buill lo test power haDdhag U shown in HC 8C 

SCm£;!if*'35i'^^''^'*"'"'™*^*^'J!!f*°** "^^ 32 i. iben etched throueh ibe doped 

or20 microns and 30 m.c««wc«eo««dw.lh lOOdmof Uyer7»,oro,n.themcmbr.oe34.piUa,s36..Ssupp«ti^ 
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mcmbcrt 72, assfaowa ia FIG. SD. The suppoius^ members 
72 are fomed integnUy with the boUom porlioflB of the 
paUis 36 io the doped hytt 78. The mcmbraDe 34, piUai5 
36, aad sU|>pOrt cQembcts 72 prefcnbly fonued by 
aoisoiropicajjy ctcbxag the substrate 32 Ihmgb the doped 
layer 78 wmg KOH or TMAK. The anisoligpic clchiog 
^aotagcously tennioales oo ihe fiid doped hyer 76 «o ibal 
ibe thickness of the membntie 34 may be pree^y np- 
trgilcd. FoUowiug the etching of (be substf^ 32, the kyeis 
52 and 54 of maddog material arc rdDOved^ ud the boiiom 
surface of (he doped layer 78 is prcfenibly coated with an 
elcctric^y cDndpetivc material, ^ocb as gold or a gotdAio 
alloy. 

FIGS. 9A-9D iUu^ftraic an altemaiive method for produc- 



10 



10 



graphic techniques lo produco another mask oo the lop 
surfai* of the substrHie 38. The seeood ma&k defines 4 
pushing pillar paitem. Referring to FIG. HE, the substtatc 
38 is then eicbed tbrtiugh the second mask to fbnn the 
pushing piUais 74 and lo increase the depth of the electzode 
pits* The substrate {5 pre&rably anisotropicdly etched to « 
depih of 1 10 5 microns with a preferred depth of 3 microns 
using KOH or IMAH. Following the cich, the layers of 
masking material 90 aod ^ art lecnovcd. 

As sbowD ID FIG. UF, the top surface of the substnic 3S 
is dMO covered with l layer of masking maleiiil 96 and the 
bottom stirface of ihe substrate is eovcied with a Uycr of 
masking maierial 98. The top layer of masking maiezial 96 
is patterned and etched to form a ibird mask denning ao air 



iDg the fi«i ^bslrate 32. Rcfcmng to HG. 9A, the fiist 15 bole paiicm. TTie subsinte 38 then etched ihi^gh the 
substrate 3p h^ a boron doped layer 76 fonning its top third mask to fonn ibe air holes46,pet&rably by anis^te«»^^ 
autacc and extending to a depth corresponding to a desired eicliir^ or deep jeadive ion etcbUig. Foltowing the elcfi^ 

of the air holes» the layers of masking materia] 96 and 98 m 
removed. An electrically conductive maierial, preferably 
20 gold or alnminum, is then paiicmcd into ibc electrode pits to 
fonn the electrodes 40, as sho^vn in FIG. IIG. 

FIG. 12 sbo^ a plan view of the substrate 38. Each 
clecuode 40 is preferably oDonected to a respecu've boul 

^ . - , pad 70 by a conespoDding trace fi8. Ibc electrodes 40, traces 

25 68,andb0Ddpads70maybef6fmedonsubslrale38byfiist 
l^^^llZ^J:^.^^^^ '^l^^ f J^y- P^^^^^ surface of 



thickness of the membrane. As in the previous em bedims fit» 
the lop surface of the subsiraie 32 is covered wiib a high 
rellcciancc coating 48 and the edges of the coaling 48 an: 
tapered with a HF acid etch. The ooatiog 48 is then covered 
wiU] a layer of maafciqg maierjaj SZ, prelbrably silicon 
nitride. 

A layer of siLcon dioxide S2 is placed on Ojc bodom 



grid-like network of supporting mcmbets. The silicon diox 
ide layer 82 is preferably 2 to 10 microns thick and may be 
placed on the substrate using any veil known technique, 
such as thermal powth, CVD. or evaporation. 



substrate 38 and then patterning the photoresist to form a 
desired patiem for ihe elecuodcs 40, traces 68. and bond 
pads 70. An Blc«3rically conductive material, preferably ftold 
cn Bs mennai growin, cvd, or evaporation. 30 or aluminum, is then evaporated cr sputtered onto iIkTiop 

!S^*.i?.!?^f^A_*?^^^^?^P^^i*'^^ substrate 38 to form die electrodes, traces, and 

bond pai^ The photoresist and unde&ired portions of the 
evaporated maierial are then removed firom the substrate 38 



dioxide layer fi2 is patierncd to produce tbe mask 86 on the 
bottom surtkcc of the substrate, as shown in FIG. 10. 
Referring 10 FIGS. PB-9C, the subsuale 32 is thetn ctcfacd 



through the mask to fbnq ibo membrane 34. pillars 36, and ss solvent. 



by placing the wafer in aoeiooe or a similariy suitable 



supporting cpcmbers 72. The supporting membeis 72 are 
fanned iniegrally with the bottom portions 80 of the pillars 
Iti the silicon dioxide layer 82. 

The oiembrane 34 » pillar?* 36. a nd support members 72 are 
preferably formed by aniSOtrOpically etching the subsUate 40 
32 UMog KOH or TMAH. The anrsoiropic etching advaa- 
i^geously tennioales 00 the doped layer 76 ai that the 
Ihidqjess of the membrane 34 may be precisely controlled. 
Following the etching of the substrate 32, the layer S2 of 
masking material is removed, and the bottom surface of 4j 
silicon dioxide layer 82 i^ preferably coaled with an elec- 
trically conductive material 84^ such as gold or a gold/dn 
alloy. 

FIGS. lliVllG Ulusiraie a pic fcrrcd method for produc- 
ing the second substrate 3S according to the second embodi- 
mcQL Rcfcniag to FIG. UA, the second substrate 38 pref- 
ecably comprises a ponion of a single crystal silicon wafer. 
The lop surface of die substrate 38 is covered with a layer 
of masking material 90, preferably silicon nitride. The 
bottom surbce of the substrate 38 is also ajvcrcd with a 
layer of masking material 92, preferably silicon nitride. 

Using standard phoiolithographic techniques, the top 
layer of maskieg material 90 is paiumcd and etched to 
produce a mask on the top surface of the substrate 38, as 
shown in FIG. IIB. 'ilie mask defines an eleetiode pit 
patiem. Refeiring to FIG. UC, the substraie 38 is then 
clcbed through the mask to form initial electrode pits. Tbe 
subslr&te is preferably anisolropically eMied to a depth of 2 
(o 10 microos with a preferred depth of 7 microas usine 
KOH or TMAH. 

Referring to PlC. UD^ die top layer of masking material 
90 is lurlber patterned and cicbed using standard liiho- 



tf the bouom surface of the first sabstxab: 32 is coated 
with gokl or a gpldAin alloy, the first substrate 38 may t>e 
eutectically bonded to the lop surface of the second substrate 
38. Alternatively, if the bottom layer of the iirst subsU'ate 32 
b a highly dop«i boion layer, the step of coating the bottom 
surface of the substraie 32 with gold may be eliminated, and 
the bottom surface of substraie 32 may be salicoo fiiaion 
bonded to tije top surface of ihe second subslrate 38. In 
either case, tbe bouom surface of first substrain 32 b 
electrically conductive. 

The baicbcd region 100 in FIG. 12 shows the ana in 
which the electricaUy conductive bottom surface of Ihe first 
substraie 32 is bonded to the lop surface of the second 
substrate 38. The second substrate 38 has formed thereon a 
$0 bond pad 102 and a trace 104 connecting the bond pad 102 
lo (ho bonded area 100. The bond pad 102 and trace 104 arc 
preferably forajed coocticrcndy with the electrodes 40, 
traces 68, and bood pads 70. 

Refeiring again to FIG. 7, the first substrate 32 h bonded 
to The second suhsiriic 38 such that tbe pushing pillars 74 
racchanfcaJIy push agiinsl the wpponing members 72 to 
provide an initial displacement of the membrane. The 
amount of Ibc iniu'al dtspIacerDcnt is deierrmnud by the 
height of the pushing pillars 74 and is preferably about three 
microns- In operatiao, the membrane is first leveled to a 
horizoQtal oricoialioa by biasing the electrically conductive 
bottom surface of the suhsiirjic 32 with sufEdcnt voluge, 
typicaily 100 to 300V m dependcDce upon the amount of 
initial displacement and the arrangement of the pillars. 

Refcimg again to HG. 12, the bottom surface of the 
substrate 32 is biased with a volugc by applying ihe voltegc 
lo the bood pad 102. Once the membrane 34 is leveled to a 



5S 
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hoKzonial gntsDiation, ibe membra^ 34 b deCbnoed id z 
cooi/Dlkd fashion by applyiog incicment&l voliagcs lo \hc 
bood pads 70. The vollagcs crcaie bcrcmciit&l clccirasuiSc 
fcffcxs between ibe piliai^ 36 and eleecrodes 40» tbus accu' 
adflg Ibc pillars 36 ia & direelioQ oonnal id Ihc mcmbraac 34. 

The advaniage of laidilly dl^Iaeing tbb mezQbraue Qod 
subsequenUy feveliag tbe xnembrane with a bi«5 voliage is 
ttuL it allows ibe membnne to be defbrrned using nmcb 
smaller mc^mcotal voltages. Refeirnig agaiD lo Uie graph of 
FIG, 6, ifac dcforxQatioD of the membnoe iociBaaes in a 
parabolic fasbioo as a fimcliod of applied volugic* Thus, if 
Ibc pillm itt inttially biased with lOOV, only aa wi^meaUl 
10 V Qced be applied (o bood pads 70 to induce a fuU caicroo 
of dcfonnatioa io ibc roihor. Because only a small fucre- 
tneoial voliage ts required^ the defonuablc miimr may be 
operated by small electrooic devices, sueb a& a peisooal 
compuiec 

FIGS. 13-X7 show a deformable minor 33 axxxiiding lo a 
Ihixd embodjiDCDt of ibe ioveauoD. RcfbniDg to FIG. 13, ibe 
deformable mirror 33 includes a first stibstraie 106 booded 



to 



15 



Osidg tsbedard pboiolilbographic lechmque^^ ihe botlooi 
layer M of maskiflg maienal is ibea palleroed and etched lo 
produce a mask 56 on the bottom surface of ibe substnte, as 
shown in RGS. 3 2nd 14C Rcfeniog 10 FIG. l4Dp the 
substrate b then etched lo form the bcttooi portions U4 o£ 
the pillais. The substrate is ptefenbly anisgtropically elebed 
udng cither KOH orTMAH. The anisotropic etching adnn- 
lageously Ecrmioates oo the iniiUaiiog layer 122 so that the 
ihidmess of the mcmbrue may be precisely oooirolled. 

As ^owQ in FIG. 14E^ the insukiing layer 122 is then 
eichcd to celcasc the membrane 110 and 10 Lbin the top 
poitioDS 112 of the pillars. The iosnlating layer 122 }» 
prcfcnbly etched in dOuied (IF until each top portion 112 
has a diameter in the range of 10 lo 50 microns. FoUowiog 
the clcbiog of the irtsiihiing layer 122, the layers 52 add S4 
of masking material are removed. It will be apparent to one 
skilled ia the an that ibe method of forming (he first 
substrata using an SOI wafer may also be applied 10 the 
(abncaiioa of the elecirosuitically dcfonnable mirrors 



to a secQod substrate 108. Tha fiisl aib^irate 10^ forms the zd described in ibe previous embodimenls. 
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iziirror surface and ba$ fbtmed therein a conbduonft mem- 
braoe no having a boiiom mface and a polished top 
surface. Tbe first substrate 106 also includes piliaxs for 
deformiQS ihe membrane 110. Hie pillais are mfegiaUy 
formed with tbe membrane 110 and extend from its bottom 
wface. 

In Ihc third emboduneot, the first substrate 106 is a 
portico of a silicon-OQ-insulator (SOI) wafer, and each pillar 
includes a top portion 112 formed firom an m^ilaiing layer 
of the SOI wifcr aod a boitom portion 114 formed from a 
single crystal silicoQ layer of the SOI wa&r- In addition^ the 
top portion 112 is preferably etched until ii is thinner than 
the bottom portion 114. This minimizes the contact area 
beiWGCQ each pillar and the membrane HO, allowing for a 
more ideal ioflucoce fupctloD and a higher actuator deosily. 
The icp ponioo 112 of each pillar is preferably etched 10 a 
Ihlcknc&s io Ibe raoge of 10 10 50 microns 

The second subsilrate ] OS has formed ihereoa actuator 
beams for actuating the pillaiTw The bottom portion 114 of 
each pillar is bonded to a respective one of ihc beams. Each 
beaox comprises a first material 116 and a second mate rial 
lis. The maieriab 116 and 118 have diffcreoi coefficients of 
thermal expaosioo or diffefem rates of piezDcleoric expan- 
sion. By expanding tbe beam materials at diiffercul rates due 
10 tbermal expansion or piezoelectric 6Xpansion» the beams 45 
may be t>col, thtis actuaiiog ihc pillais Id a direction normal 
to tbe membcaDC 110. The first beam material 116 is pref- 
erably polycryscallinc silicon. If pieioelectric escpaimon is 
used, the second beam material HO is pre&rably tioc oxide. 
If dicnnal expaisbo U used, the second beam maierjal UO 50 
is preferably aluminum. 

A method for producing the fiisi snbsiraie 106 is illus- 
iraled in FIGS. 14iA^14E. Refemng to FIG. WA, the fiisI 
substrate preferably comprises a portion of a SOI wafer 
having a tbhi layer 120 of silicon on top of an insulating 
layer 122, typically sillcOD dioxfde, all on a thick silicon 
layer 124, Such SOI wafcT^ arc wfdely Cummermally avait- 
itblc. The lop layer 120 forms the membrane tlO and 
pre&cably has a thickness in the c^ge of 10 m 40 mtcroos. 

A:» in the first embodimeotv the top surface of the substrate 
is polished to optical quality, covered with a bigb refieciance 
coating 4S, and sealed with a layer 52 of masking material, 
as shown in RG. 14B. Tbe bottom surface of the substrate 
is also covered with a layer 54 of masking maienaj. Tbe 
masking material b preferably silicon niiridey although any 
suitable masking materia 1, such as silkon dioxide, may also 
be u.sed. 
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A method for producing ibe second 5ut»lraie lOS 15 
iltusimied ia FIGS. 15A-15F. RefcTriog to FIG. 15A» the 
second substrate 109 preferably comprises a poitioa of a 
single crystal silicon wafer. AltemativeJy, any type of seoii- 
cooductor wafer may be used. Tbe second substrate 108 is 
covcmd with a sacrificial layer 126 of silieon dioxide wfaidi 
preferably bas a thickness of 3 microns. As shown to FIG. 
15B, the silicon dioxide layer 126 is patieroed and etched 
into a desLied beam pattern^ ptefisrably using HF add. 

Refemng to FIG. 15C, a first beam material 116 is iben 
placed on the oxide layer 126. The beam material 116 
preferably comprises polyeiystalliDc sib'con and can be 
deposited on the oxide layer 1^6 using CVD. Asecoul beam 
material 118 is then patterned OD lop of the first beam 
material 116, as showu in PIG. 15D. Tbe second beam 
material 118 is selected to bavc a di^ereot rate of thermal or 
piezoelectric expansion than the fiist beam material 116. For 
example, zinc oxide is a suitable second beam material for 
piezoelectric embodimentSp and alumiotms is a suitable 
second beam maienal for tbermal expansion embodiments. 

Referring to FIG. t5t^ electrically conductive contact 
pads 128 are then paiiciued on the fiisi beam material U6 
such chat tbe p«ds 12^ conlact opposite sides of tbe second 
beam material Tbe contact pads 129 preferably com- 
prise gold or aluminum. Following the patterning of ihe 
contaa patb^ the sacrificial oxide byer 126 is removed. The 
lesuldng structure is shown io FIG. 15F. 

nC. 16 shows a plan view of tbe second substrate 108 in 
the piczneleciiic expansion embodimcaL The second beam 
material 118 is preferably patterned into rectangular pads 
positioned on top of the firsl beam maifrrial 116l The contact 
pads 128 arc patterned onto material II6 on opposite sides 
of each rectangular pad. Efeeirically conductive traca 132 
connect the contact pads 128 to a pair of bond pads 130A aod 
130B. The traces 132 preferably connect the pads 128 in 
parallel, as shown in FIG. 16. The contact pads 128, bood 
piids 130, and traces 132 are preferably formed by paUenung 
metal onto the secoltd subsuatis 108, asptcvioudy desmbed 
io the embodimeois above. 

in operaiioOy a voltage diifereooe is applied across bond 
pads 130A and 130B. Tbe voltage difiierence causes malt- 
riahi 116 and 118 io piezoelcctrically expand at difiereni 
rales, thus bending the beam. Because Ibe bottom portion 
114 of tbe pillar is bonded to ibe beam, the piDar is actuated 
lo defono the membrane. 

FIG. 17 sbows a plan view of tbe second substrate 108 in 
die theimal expansion embodimcnL Aseoond beam material 
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baving a diflTerEiit nte oC tfaennal expusloo Ibaa the FoUawing ifca etching of ihe aubBiraie, ihe iMgw «mt 

beam mitenul U« b piuerDcd into reclinguhr pads 134 l« of oasluas auieri«I m lemoved. The fCttttiag itruc- 

pesuioaed omop of the fii« bcMD maKiial U«. Tbn second tare Is shown io HG. 19C. It will be mmiciti to oaeskilkd 

t«jrn ■z.Menal B preferably «, electrically codActive u,eul io ih. thil Ibis stnu*« owy ato^TSriT^SnE 

Hi IW tS^'SKfn.'SITSf.t^r^ ^ '^'"",'55 * • SOI wafer a» p^ly desLbcd d^'*^ 
pus to uc bond pads 130A sod I30B. The Traces 132 nri 70 «Vm a niM /vr #k- ^.4»<^4^ • *t 
piefenbly coDiiect ihiTpads 134 In series, as sbown in fIG. ^v^i ^^r^ * the wbslrale 136 u Ibe 

17. TiB pads 134, bocd pads m?^m^m m expaiBioQ emb^jnt. Fxezocloclric maierjal 

subslrate lOS, is pMvioofily described in the ecabodimcDts actiwior pads 140. Pads 140 arc preferably reciaugiOar 

above. 10 ADd preferably have a Icfig^lh in ibe raogei of 1 la 5 mm add 

In opcratjQD, a cuneoi is mo ituougb the circuii between * of 02 to 1 mm. Coolacl pacfe 150 are 

bofld pads UOAand 130B. Tbc cur«ni causes ibe pads 134 p^^rned oaU> Ihc bottom surface of the ojcmbrane on 

to ibermolly expand at different rate lhao ifae Bj^ materia] opposite siiics of each pad 140. Electrically conductive 

116, ibus beading, tbe be^. Because the bottom ponioo 114 traces 152 connect ibe contact pids 150 to a pair of bctui 

of Ibe pOlar is bonded to tbe beam, tbe pillar is actuated to ^ 1^ ^ 142B. The caces 152 prefe^bly cooneet tbc 

deform the membrane. pads ISO in parallel. The contact pacib 150» bond pads 142, 

FICS. IMl iUustr»tc a single substrate deformable mir- snd traces 152 are prcferibly formed by paitemnig metal die 

lor 135 accDxding co an alitniaiive embodimeol of tbc bottom surfaoe of ibc mefflbrane. Specific lecfani<)ucs for 

ioveniioD. The defonzuble tniiror 135 includes i codUduovs pailemisg meia] are well knowa is the art. In opct^n, a 

membtw 138 having a bottom surface and a polished lop 20 votiage diffeitjocc is applied acTOs boDd pa<k 142A and 

stifCwe. T^e polished lop surface of the membraoc fonns the M2B. Tbc voltage diflfereoce causes pads 140 to piezoeleo- 

Tte mirror also in^hides actuator pads 140 positioned on ^ ri^'Sn^fSnlTs^^ 

the bottom surface of ihe membrane 13S. Theater pads ^^7^^^^,^^^^^ of ibe memhrane to 

140 preferably comprise a piezoelectric material having a ^^r pads 154. Pads 1^^ 

different nte of piezoelectric cxpaision than ibc membrane «M Preferably have a Icogth m the range of 1 to 5 mm and 

so that when a voltage difference s applkd acrote ibe pad. * '^^^'SiS of 02 to 1 mm. Declrically conductive 

die pad expands to deform the membrane, Altemaiivety, ibe ^ ^^^^ *52 conneei ihe pads 154 to a pair of bond pads 142A 

aciuAior pads 140 may comprise a maicnal having a different ^ 141B. The trices 152 preferably connect the pads 154 io 

Utermaj expansion coefficient than ihe membrane so ibat scries. En operation, a currcni is run through tbc ci/cuii 

when tbe pad is heated, the pad expands to dcfonn tbc between booKl pads 142A and 142B. The cuneot cauw tbc 

membraoc. Suitable piezoelectric materials include 2znc pAds 154 tp tbermally expand at different rate than the 

Oxide, lead magnesium abbale^ and lead ^rconaie tiianaic. 35 membrane, Ibus deforming Ibe membcsne. 
Suitable Uicxmal expansion materials include aluminum 

gold axid copper. If ihensal expansion is used, the pads 140 SUMMARY, RAMIHCAIIONS, AND SCOPE 

may alteroativoly comprise bimetaUie strips, e.g. strips ^ ^ 

comprised of a fm;t layer of aluminum and a second layer of Allbough tbe above description enniaios many 

gold. ^ specificities, cbcsc shouU cot be construed as limitation oa 

A pfcferred method for producing the dcformable minor °^ invention but merely as illustrations of some . 

135issbowQinHGS.19A-19C.R6ferriogtofIG.I9A»the ibe^ prescnUy prefcncd embodiments. Many other 

substrate 13$ preferably comprises a ponioo of a single embodiments of the invention are possible. For example, it 

crystal silicon wafer. Tbc subsiraie 136 hss a first boron ? PJ^Ddy prefeired to use a doped boron layer or an 

doped layer 144 fonmn^ its top surface and ejciegding to a 45 ^>^f as an cicb stop to define tbc thickness of ihc 

depth correspooding to a desired thickness of the mcmbianc. fflcoibranc. In an alieroaiivc embodimeol, however, Uje 

AS in the first embodimcot, the subsiraic 136 bas a bottom *icknessof die membrane may be controlled by eichiag lest 

surface and a top surface wbicb is polished to optical quality Endows in the outer edges of die mirror wafer. Tbe test 

The lop surface of the substrate 136 is covcrtd with a h<gb ^^^o^s are etched to a desiitid membrane thickness. Sub- 

rcflcctanoc coaling 4^ and tbc edges of the coaling 4« arc SO anisotropic etching cf ibe wafer to fomi die mem- 

lapcrcd with a WF acid etch, as previously described with piUm is lermioatcd wdien tbe test windows 

reference to nG$. 2A-2B. The coaling 48 is then covered ^^^^ iranspartni, iodicating Uiat ibe membrane has the 

with a layer of masking material 146, preferably silicon thickness. 

nitride. A layer of masfciog material 148. preferably nitride, AdditionaUy, all dimensions suted in the above descrip- 

15 also placed on the bottom surface of the substrate 136. S5 ^ earemplary of the prescnUy prefcncd embodiments. 

Using standard pholobOiogrophic techniquca^ ibe bottom Tfbe exact dimeosioos of each element of tbe dcformable 

layer of maiiking material 14tf ispaiicroed Lo produce a mask mirror may be varied lo laiior tbe mirror to the ^ecific 

on the bottom surface of U)e substrate, as shown in FIG. 19B. appUcadon required. Similarly, ihe number of pillars and 

tbe mask defines a membrane pattern. As tn ibe first ^ni^gcment of ibe pQlacs in ibe dcformable minor may be 
•mbodimoot^ die membrane pattern preferably Includes 60 wied to LaOor tbe mirmr to ibe specific appUcalion 

leetb lo lonn « circular membrane. Tbe subynte 136 & ifaen required. 

Z^^^?^'^ Tbc ItwiUbcappairmiotbosesfcillediutheanihaltbeseand 

membrane 138 is preferably formed by anisoiiopicaUy etch- many other variations are possible while siiU falling widiin 

mg the substrau; 136 using KOH or TMAH. Tim anlsoiropic the spirit and scope of die invention. n«refoie. (be «ope of 
eiclung advantageously lermiMics on 4^ 65 ibe tnventioq ifaouW be determined not by tbe cxainples 

that die ituckness of die membrane 138 may be precisdy given, but by die appended daitns and dieir 1^ eauiva- 

coniioued. IcQis. 
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Whai is cliimecl is; ^ & top pcnioQ oompa&mg am msulaiiog maieriol aod a botunD 

I- A dcfomiablc miiror comprising: portion comprisiog single gjyslal silicoD, and the Cop pordon 

a) 4 fiisi nsoDoliifaic sobs^nte b&vicg simulxaoeousty acd is thiniKr thao tbe bouom portion, 
inicgnlly focQQcd cbcicio: 11. A defbnsabid minor cxiinpvisiqg: 

'^li^r^l*^'^^*^""'"*"'^'^*'^'^'* * »)»™mbr9DclMviag.boitem,«feco«ndapolishedh)p 

"v^^ P^^^*^ ""'^^ Soiree; BOd 

ii) Bt least one piUar for dcfbnmng the nembniac, wv » i ^ * • ^ 

wheieio Ifae pillar b inte^aUy fonsed with the »J4t least ooe pod posiUoocd on ihc bottom snrface of the 

membrane aod exieods from ibe boiiom mfwe; and mexnbnxic, herein iho pad comprise^ a pieaoolcciiic 

b) a second aibstraie bavins at lOBSt ooo actuation mem- malciial having a dilfexeni rale of piczoeleoidp cxpan- 
ber posidoDod thefton ft? iccuetiDg the pillar, when^ **** ^''^ the membrane so thai when a v6lvigp diffeiw 
the £nt aibsmio is mounied lo ifac second subfttrale ^ applied across the pad, ihe pad expands tf 
OTch tbai the bouora surface of the menbraiie feces (he ^ membcanc. 

seooDd substrate. de£anjiable mirror of claim U. wbereio the tap 

2. The defi^nnable minor of claim 1, wbeiein the top sur^oe of ibc mcDbrane is coveivsd with a high rcjSeaaxice 
surface of ihe membcaiie is covered with a high reflectance coadng oomptising altemaiizig layers of SiOz and HO^. 
coadag. 13. The defbrmable miRDf claim wbcicia l2ie tnp 

3. Tbe ^rnrxnable minor claim 1, wbeieig Uie actuating surface of the ipembrane xs covered with gold, 
member comprises an eledfodo for applying an eloozrostatic ^4. Tbe deformabZe minor pf claim 11, wfaezcio the 
force to the piiUr. ^ piezoelectric maierial is selected from ihc firoup comistihg 

4. Tbe defonnable minor of claim 3, wbcrcin the first of anc ozide» lead magDcshim niobate, and fead zfaconaie 
subsxiaic further has Ennaed ibercio at toast one support litanate. 

member atxacbed lo ibc pillar, and wbcodn tbe second 15. A defonniblc minor comprising; 

membcane. surface; aod 

5. The defoimable miiror of ctaim 3, wherein the piUar ^ po&tioned qd Ibe bottom smfaoe of the 
and the bottom sur&oe of the meoibFine are coated with a mnmbraie, wfaereia the pad comprises a material hav- 
layer of electrically conductive maierial uig a difCeivot ibeimal expansion ooeffident than tbe 

6. The deformable mimr claim 1, wherein ibc actuaiiDg ^ membrane so ibat when ibe pad is heated, ibc pad 
mcml>cr Domprtscs a beam of two materials having diQetcQi expsods to defonn tbe membiaiie. 

eoeffidents of dierxoal expansioo, and wberdn a lip of tbe The defiumabk minor of clami AS, wbereio tbe top 

pOlai IS attached to the beam. surface of tbe membrane is eovcced with a high reflectance 

f, Tbe deformable mirror claim 1, wherein the actuating coating comprising allemaling layers of SiO, and TSO«. 
membercomprise& a beam of two materials having different ^ 17. Tbe deformable minor cUim 15^ wbeiein the lop 
rates of piczceleciric expansion, and wherein a lip of tbe surface of the membrane is covered with gold. 

piJhr is itucbcd to Ibc beam. The deformable minor of daim 15, wherein Ibe 

g. The deformable minor of claim I, wherein Ibe mem- material is selected Erom the grow oonsBtinft of atnminnm^ 
orane comprise* single crystal silicon. gold, and copper. 

9. The deformable minor of cUkn 1, wbeiein the mem- ^ 19. The defonnable minor of claim 15, wherein tbe pad 
brane ba$ a thickness in the range of 10 to 40 microns. comprise^ & bimeiallK; strip. 

10. Tbe deformable mirror of claim 1, wherein the fli^ 

subs4raie comprises a portion of a SOI wafer, the pillar has * « « « « 
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